A significant increase in intestinal mucosal cell uptake rate can be achieved by making brush border enzyme-labile derivatives of water insoluble compounds. The test compounds chosen were decanol, hexadecanol, their corresponding lysinate esters, hydrocortisone and its phosphate and succinate esters. Intestinal perfusion and intestinal ring uptake experiments in the alcohol study demonstrated that prodrug uptake was comparable to uptake of the free alcohol below the solubility of the parent compound;
i.e., there was little or no loss in intestinal permeability.
Prodrug uptake continued to increase linearly above the solubility of the free alcohol in the ring system. Similar results were obtained for hydrocortisone and its prodrugs when uptake was examined in the intestinal ring system; furthermore, rapid post-incubation freezing of the tissue coupled with an HPLC assay capable of separating drug from prodrug permitted determination of the species absorbed. In all cases, only free alcohol was detected in the tissue. Histological studies verified the integrity of intestinal tissue under experimental conditions.
The in vitro technique is advantageous for screening drug absorption.
The very substantial potential of this prodrug approach is demonstrated in particular with hexadecanol and hexadecyl lysinate, where the uptake rate of the prodrug was four orders of magnitude greater than that of the free alcohol.
BACKGROUND
The gastrointestinal absorption of poorly water soluble drugs is often erratic and results in highly variable blood levels and bioavailability. In part, this is a function of slow dissolution of the solid which is dependent on the dissolution rate constant, as well as the concentration gradient from the saturated concentration of the drug at the solid surface to the bulk concentration in the intestinal lumen [l] . For weak acids and bases, lumenal concentrations are also a function of pH and therefore can be expected to vary along the pH gradient in the intestinal tract [2] . In addition, individual variation in gastrointestinal transit times will affect the percentage of drug dissolved and hence. the amount available for absorption. One solution to the problem of low aqueous solubility is to produce a more polar prodrug with resultant higher aqueous solubility [ 31. This method generally requires reconversion to the parent drug to obtain the original pharmacological activity.
The site of reconversion in the body is important for several reasons:
(a) hydrolysis of the prodrug to the parent drug and its possible precipitation should be minimized prior to absorption from the gut; and (b) the diffusion/transport advantages of the nonpolar parent drug through lipoidal membranes should not be compromised.
Under sink conditions in the blood, the maximal flux at the absorbing membrane, J is limited by the solubility of the com-
where Peff is the effective permeability and C, is the solubility concentration in the bulk solution.
A prodrug approach which addresses the above considerations proposed [4] a drug derivative designed as a substrate for membrane-bound enzymes in the small intestine (Fig. 1) Boston, MA) were used as received. The internal standard used for gas chromatography analysis of decanol was l-undecanol and for HPLC analysis of the steroids A4-pregnene-17~-200,21-triol-3,11-dione. All chemicals were of HPLC or analytical reagent grade and used as received with the exception of methylene chloride, which was purified by glass distillation at 38°C.
Procedure for the synthesis of radioactive decyl and hexadecyl lysinate dihydrochlorides, I and II
Cl-+NH3
was dissolved in 2 ml of dichloromethane.
To the stirred solution at 25°C was added 0.2 mmol of dicyclohexylcarbodiimide and 0.02 mmol of 4-dimethylaminopyridine as an acylation catalyst. The reaction was completed in about 10 min as shown by TLC analysis (silica gel plate, solvent 10% ethyl acetate/dichloromethane) which revealed total consumption of starting materials and formation of a new major spot. Solid materials were removed by filtration and the solvent was evaporated to give crude material which, after chromatography on silica gel (eluting with 10% ethyl acetate/dichloromethane), yielded a colorless oil homogeneous by TLC. This oil was dissolved in 3-4 ml of anhydrous ethyl ether containing gaseous hydrogen chloride to remove the t-BOC protective groups from the lysine nitrogens. 
Statistical treatment of tissue uptake results
Tissue uptake of solute at the same concentrations were pooled from individual rings and different rats. The mean +-the standard error of the mean (SEM) and linear regression parameters, as applicable, are reported. Figure 2A is a control specimen taken from normal rat intestine.
Tissue integrity under experimental conditions
It is contrasted with Fig. 2B , which shows the impact of in situ buffer perfusion through the intestine of the same animal for 1 h. Swelling of the central lacteals of the villi is present in the perfused segment, with some reduction in intervillus space probably due to water absorption.
This has been noted for rabbit intestine when lengthy incubation times were used in vitro [21] . The micrograph serves to show, however, that in this steady-state experimental system the functional integrity of the villus is maintained. When examined at higher magnification, this is also true for the brush border (Fig. 2C) .
The micrographs presented in Fig. 3 evaluate tissue viability during the in vitro intestinal ring method. The first panel, Fig.  3A , illustrates the structural condition of the intestine immediately after it has been with a higher magnification of the higher steroid concentration depicted in Fig. 3E . There appears to be no solute effect at the light microscopy level. The effect of incubation at 37°C appears to be a slight thickening of the villi with crowding of the intervillus spaces and, therefore, some change in the surface area available for absorption.
Swelling of the central lacteal is not evident here as it was in the perfused segment, probably due to the short time course of the experiment.
Again, the gross structures of the villi are maintained as well as the integrity of the brush border. The dimensionless effective intestinal per- meabilities for decanol and decyl lysinate are summarized in Table 2 . The wall permeabilities, "Pk , were very high for both compounds and it is more instructive to note that the effective permeabilities of both compounds are very close. The solution hydrolysis kinetics of decyl lysinate were followed in perfusate and found to be first-order (r = 0.99), with a rate constant of 0.0025 min-'. The corresponding halflife is 277 min which is long with respect to the intestinal residence time, t = n2r2/Q (6) of 3.2 min, where I is intestinal length, r is intestinal radius, and Q is flow rate. Consequently, solution hydrolysis followed by absorption is unlikely. It can be concluded therefore, that while the aqueous solubility of decanol has been increased by at least a factor of 100 by esterification with lysine, the permeability has not been si~ific~tly compromised.
It would be unlikely to observe comp~able permeabiliti~s between two compounds of such different polarity (Le., hydrocarbon vs. ionized species) unless hydrolysis of the prodrug has occurred prior to absorption.
The significance of the prodrug's increased solubility without a compromise in intestinal permeability was further investigated in an in vitro intestinal ring system using radiolabeled tracers [ 15, 161. This method permitted study of the uptake process above the solubilities of the two parent alcohols, decanol and hexadecanol.
In addition, the in vitro method used short incubation times which maintained tissue integrity, and was advant~eous statistically since a large number of data points could be obtained from the same experimental animal. The mean uptake by intestinal rings is shown for decanol and decyl lysinate as a function of concentration in Fig. 4 . At concentrations below the solubility of decanol, the slopes of both curves are comparable, providing agreement with the intestinal permeabilities obtained from in situ perfusions in the same concentration range. Differences in uptake rate increase rapidly with concentration since the parent alcohol remains at the plateau dictated by its lower solubility (0.2 rnM) and the lysinate ester maintains a linear increase in uptake over the entire concentration range studied. Figure 5 depicts a summary of logarithmic intestinal ring uptake of the four compounds at selected concentrations.
Values lished results indicate that uptake of hydrocortisone-21-succinate by proximal colon is in the form of the prodrug (>85% hydrocortisone-21-succinate).
The concentration uptake rate profiles shown in Fig. 6 
